The influence of acute coronary occlusion on systolic and diastolic left ventricular pressurevolume relations was studied in 10 patients undergoing percutaneous transluminal coronary angioplasty (PTCA). Pressure-volume relations were obtained by conductance catheter and micromanometer techniques and with volume load altered by transient inferior vena caval occlusion. End-systolic and end-diastolic pressure-volume relations were obtained at baseline, during 60-90 seconds of ischemia, and at return to baseline after angioplasty balloon deflation. Coronary occlusion significantly altered systolic and diastolic chamber function. Systolic dysfunction was characterized by a reproducible rightward shift of the end-systolic pressurevolume relation (+25.4±18.4 ml) that was greater for proximal left anterior descending and circumflex coronary artery occlusions (+41 ml) than for distal or right coronary artery occlusions (+15.4 ml, p <0.05). Occlusion also lowered chamber systolic function indexes, such as the end-systolic pressure-volume relation slope (from 4.2 to 2.8 mm Hg/ml) and preload recruitable stroke work (from 97 to 78.6 mm Hg). All systolic (and diastolic) changes were resolved with successful angioplasty. Diastolic abnormalities during angioplasty were characterized by prolonged pressure relaxation and an upward shift of the resting diastolic pressure-volume data and by an apparent increase in chamber elastic stiffness. However, when end-diastolic data from multiple beats during inferior vena caval occlusion were compared, control and ischemic end-diastolic pressure-volume relations displayed little or no difference. Thus, elevations in resting diastolic pressure-volume relations and apparent increase in chamber elastic stiflness during coronary occlusion in humans appear dominated by altered right ventricular or pericardial loading. These data indicate that pressure-volume analysis is useful in assessing the functional significance of coronary lesions and reperfusion. (Circulation 1990;81:447-460) Acute coronary occlusion rapidly leads to impaired left ventricular systolic and diastolic function. Although the effects of coronary occlusion have been extensively studied in animal models, these preparations are flawed by an absence of a history of coronary disease, dissimilarities to human anatomy and coronary vascular distribution, and the frequent need to surgically invade the chest and pericardium. Human studies, on the other hand, have generally increased ischemia by increasing cardiac demand, which is a model of regional ischemia quite different from acute coronary occlusion. However, percutaneous transluminal coronary angioplasty (PTCA) offers a model of acute coronary occlusion in humans that allows investigation in a controlled setting.
Influence of Coronary Occlusion
The influence of acute coronary occlusion on systolic and diastolic left ventricular pressurevolume relations was studied in 10 patients undergoing percutaneous transluminal coronary angioplasty (PTCA). Pressure-volume relations were obtained by conductance catheter and micromanometer techniques and with volume load altered by transient inferior vena caval occlusion. End-systolic and end-diastolic pressure-volume relations were obtained at baseline, during 60-90 seconds of ischemia, and at return to baseline after angioplasty balloon deflation. Coronary occlusion significantly altered systolic and diastolic chamber function. Systolic dysfunction was characterized by a reproducible rightward shift of the end-systolic pressurevolume relation (+25.4±18.4 ml) that was greater for proximal left anterior descending and circumflex coronary artery occlusions (+41 ml) than for distal or right coronary artery occlusions (+15.4 ml, p <0.05). Occlusion also lowered chamber systolic function indexes, such as the end-systolic pressure-volume relation slope (from 4.2 to 2.8 mm Hg/ml) and preload recruitable stroke work (from 97 to 78.6 mm Hg). All systolic (and diastolic) changes were resolved with successful angioplasty. Diastolic abnormalities during angioplasty were characterized by prolonged pressure relaxation and an upward shift of the resting diastolic pressure-volume data and by an apparent increase in chamber elastic stiffness. However, when end-diastolic data from multiple beats during inferior vena caval occlusion were compared, control and ischemic end-diastolic pressure-volume relations displayed little or no difference. Thus, elevations in resting diastolic pressure-volume relations and apparent increase in chamber elastic stiflness during coronary occlusion in humans appear dominated by altered right ventricular or pericardial loading. These data indicate that pressure-volume analysis is useful in assessing the functional significance of coronary lesions and reperfusion. (Circulation 1990; 81:447-460) Acute coronary occlusion rapidly leads to impaired left ventricular systolic and diastolic function. Although the effects of coronary occlusion have been extensively studied in animal models, these preparations are flawed by an absence of a history of coronary disease, dissimilarities to human anatomy and coronary vascular distribution, and the frequent need to surgically invade the chest and pericardium. Human studies, on the other hand, have generally increased ischemia by increasing cardiac demand, which is a model of regional ischemia quite different from acute coronary occlusion. However, percutaneous transluminal coronary From the Division of Cardiology, The Johns Hopkins Medical Institutions, Baltimore, Maryland.
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Recent studies of left ventricular function during angioplasty have demonstrated reductions in ejection fraction,1-3 early and late peak filling rate,4 and dP/dtmax' during coronary occlusion. In addition, elevations of the diastolic pressure-volume (PV) relation have been observed that may5 or may not2 be sustained after angioplasty. In these studies, single steady-state cardiac cycles have been used to assess systolic and diastolic chamber properties. Unfortunately, it is difficult from single-beat analyses to differentiate load influences from primary changes in chamber systolic and diastolic properties. The analysis of ventricular function by PV relations provides a better differentiation of cardiac properties from loading changes. The recently developed conductance catheter enables on-line measurement of continuous PV data6,7 in an intact chest. We have combined this technique with transient inferior vena caval (IVC) occlusion to determine systolic and diastolic PV relations in humans. 6 The purpose of the present study was to use PV relations to assess left ventricular functional change during 60-90 seconds of coronary occlusion in patients undergoing angioplasty. We tested 1) whether the end-systolic PV relation shifts rightward during coronary occlusion as observed in animal studies8,9 and whether the extent of shift correlates with the overall perfusion bed size, 2) whether measures of systolic function such as the end-systolic elastance and preload recruitable stroke work are influenced by acute regional ischemia in humans, 3) whether diastolic PV relations shift upward during coronary occlusion and the extent to which such change is due to altered chamber loading, and 4) whether any or all systolic and diastolic changes during occlusion persist after successful angioplasty.
Methods Patients
The study population consisted of 10 patients (eight men and two women). Patients were selected from those routinely referred to undergo angioplasty at the Diagnostic Cardiovascular Laboratories of The Johns Hopkins Hospital. All patients provided informed consent, and the protocol was approved by The Johns Hopkins Joint Committee on Clinical Investigation. Patient medications before angioplasty were left unchanged and included ,-blockers (patients 3, 4, 6, and 8), calcium channel blockers (patients 2, 6-10), and nitrates (patients 2, 7, and 9). All patients had single-vessel coronary artery disease (five patients, left anterior descending coronary artery; two patients, circumflex coronary artery; and three patients, right coronary artery), and nine of the 10 patients had normal resting left ventricular function by ventriculogram. One patient (patient 9) had a recent small nontransmural inferolateral infarction, with inferior wall hypokinesis at rest, but good overall chamber function. A total of 11 coronary occlusions from the 10 patients were analyzed. Patient 9 had two sequential 95% stenoses in the main circumflex artery. Both lesions were dilated sequentially (first the proximal and then the distal), and data from each occlusion site were obtained and separately analyzed.
Volume Catheter Placement and Calibration
Patients were premedicated with benzodiazepam (10 mg) and diphenhydramine (50 mg) and were brought to the catheterization laboratory. Introducer sheaths were inserted into a femoral artery and vein (8F and 9F, respectively) on one side and into a femoral artery (8F) on the other.
The determination of PV relations in humans by the conductance catheter technique has been previously described in detail.6 Briefly, an 8F volume catheter (Webster Labs, Baldwin Park, California) with a pigtail tip and a 3F micromanometer-tipped extended within its lumen is advanced to the left ventricular apex. The catheter is placed along the longitudinal axis, so it displays minimal motion during the cardiac cycle. Ventricular ectopy is common after initial catheter insertion; however, this generally is terminated spontaneously after several seconds.
The volume catheter is connected to a digital stimulator microprocessor (VCU, CPI, St. Paul, Minnesota) installed with a modified volume calculation algorithm operating at 100 Hz (JHOP-6). The system uses a dual excitation algorithm and two pairs of stimulating electrodes (at the apex and base). Resistance differences between intervening electrode pairs are inversely related to segmental volumes, and individual segment volumes are summed to yield total chamber volume. By plotting individual segment PV loops, the position of the most basilar segment still within the left ventricular chamber can be determined, thus identifying the proper catheter sense length for a given heart.
For catheter signal calibration, we used the hypertonic saline technique of Baan et al710 to estimate the offset (parallel conductance, Vp) and thermodilution cardiac output to determine the calibration slope. The slope was determined by the ratio of thermodilution cardiac output (average of six estimates) to the mean output obtained by the conductance catheter. To determine the offset, 5-10 ml 8.4 N NaCl was rapidly injected into the main pulmonary artery. This mixed with pulmonary and left atrial blood entering the left ventricle as a conductivity pulse (not a volume load). During the saline wash-in phase, the catheter signal gain gradually increased (left ventricular pressures were unchanged) in proportion to increasing chamber blood conductivity. Regression analysis of end-diastolic versus end-systolic volumes from these beats yielded a linear relation between these volumes, both as functions of changing chamber blood conductivity. Extrapolation of this relation to the point of zero blood conductivity (end-diastolic=end-systolic volume, that is, no apparent signal stroke volume) gave an estimate of the component of the volume signal stemming from conductance of cardiac muscle and surrounding structures, termed "the parallel conductance." Four or five separate parallel conductance estimates were made in each patient before angioplasty. Typical ranges for parallel conductance in animals1' and humans,6 its reproducibility,6 11 and insensitivity to regional ischemia12 have been previously reported. Volume signal calibration used both the offset (Vp) and gain (a) values: VOlcalibrated = a((V0Iraw-Vp). ED-VOLUME (angio) FIGURE 1. Plot of end-diastolic volume estimates from right anterior oblique contrast ventriculography and calibrated volume catheter signal in 32 patients. The results showed excellent agreement (y=0.93x+11.5, r=0.93, p<0.001). Catheter stroke volume was calibrated to equal that detertnined by thermodilution cardiac output. ED, end-diastolic. was removed and replaced by a specially designed 7F balloon catheter (9168, Cordis, Hialeah, Florida). This catheter could be inserted through a standard 9F sheath yet had an inflated cross-sectional diameter of 3.5 cm (inflated with 20-25 ml C02). The balloon was gradually inflated (5-10 ml) in the right atrium and was simultaneously and gently drawn back toward the IVC until it fit snugly at the right atrium and IVC junction. This maneuver led to a more reproducible preload reduction, the fall in peak systolic pressure averaging 32.3%. Continued inflation was then performed as required to maintain occlusion. After 8-10 seconds, the balloon was deflated, and venous return was allowed to recover. Patients often sensed a "fullness" in the chest during inflation, but this was neither particularly discomforting nor limiting, and it resolved fully within seconds after balloon deflation. Heart rate changed by only 3-4 beats/min on average during the period in which pressure and volume fell, with a mean coefficient of variation for multiple beats (SD/mean-100) of only 3.2±1.8%. After baseline measurements were obtained, the angioplasty guiding catheter was positioned through the contralateral arterial sheath. Guiding angiography (iopamidol, 7-10 mI/injection) and then coronary angioplasty were performed with routine techniques. PV data were recorded throughout the entire angioplasty procedure. Repeat baseline PV relations (by IVC occlusion) were obtained before placing the angioplasty balloon across the lesion. After 60 seconds of coronary occlusion, ischemia PV relations were obtained by repeating transient IVC occlusion. The angioplasty balloon was deflated at 90 seconds, and several minutes were allowed for recovery. The total number of balloon inflations was determined by clinical and angiographic criteria; however, at least three separate balloon inflations were performed in each patient. In eight of the 10 patients, an endsystolic and end-diastolic PV relation determination was made at least 5-10 minutes after the final balloon deflation. After angioplasty, all catheters were removed, and patients were treated according to the postangioplasty routine.
Assessment of End-Systolic and End-Diastolic Pressure-Volume Relations
Data were digitized at 200 Hz and recorded on removable hard disks using a custom designed portable data acquisition cart and software. After volume signal calibration, end-systolic and end-diastolic PV relations were determined. End systole was defined by the points of maximal P/(V-Vo) for each cardiac cycle. Identification of these points and linear fit of the end-systolic PV relation (ESPVR) was performed with an iterative technique described previously.6 End diastole was defined by the point at which dP/dt exceeded 10% of its maximal value (dP/dtma,), which identified a point at the lower right-hand corner of each PV loop. The end-diastolic PV relation was generated by identifying the last 15% of diastolic filling leading up to and including the end-diastolic PV point. Two equally spaced points within this interval were selected for each beat, and the data for all beats during IVC occlusion were combined to generate the end-diastolic PV relation. Loops obtained during expiration were used to minimize respiratory variation. The end-diastolic PV relations were fit to an elastic model, Ped=Po+a(el`V-1), with a Marquardt nonlinear least-squares algorithm, where 13 is chamber elastic stiffness, Po is the baseline pressure (mm Hg), and a is gain.
Preload Recruitable Stroke Work
In addition to the ESPVR, we determined another index of chamber systolic function, the slope of the stroke work versus end-diastolic volume relation, or preload recruitable stroke work.13 The same beats obtained during IVC occlusion were used to determine preload recruitable stroke work. Stroke work was calculated by digital integration of the area circumscribed by each PV loop. These values were plotted against each beat's respective end-diastolic volume, and the slope of the resulting linear relation was determined by linear least-squares regression. Statistical Analysis Data are expressed as mean±SD. Analysis of variance with repeated measures was used to assess differences between control, occlusion, and postocclusion data. If significant differences were found, then comparisons were made using the pooled variance and the Bonferroni correction.
Results
Coronary angioplasty was successful in nine of the 10 patients. In one patient (patient 1), balloon dilatation resulted in a spiral dissection of the circumflex marginal branch, extending distally beyond the angioplasty site and terminating in a total occlusion. The patient underwent successful bypass surgery for this lesion.
Pressure-Volume Response to Acute Ischemia Figure 2 displays a typical example of PV data from a patient undergoing angioplasty of the proximal left anterior descending coronary artery. Baseline data with end-systolic and end-diastolic PV Mean hemodynamic data before, during, and after angioplasty are provided in Table 1 . Data are the average of four or five steady-state loops obtained before IVC occlusion under each condition. Occlusion data were obtained after 60 seconds of ischemia. Coronary occlusion had little effect on end-diastolic volume, end-systolic pressure, and heart rate. Endsystolic volumes, however, increased by 48% (p<0.01), and as a result, mean ejection fraction fell from 69% to 54% (p<0.01). Significant decreases were also observed in the magnitude of dP/dtmax and -dP/dtmax. After final angioplasty balloon deflation, each of these variables returned to control levels. Recovery data from patient 1 were excluded from analysis because this patient did not have a successful angioplasty. ESPVR results for all patients are provided in Table 2 . Baseline relations were obtained in all 11 occlusions, ischemia data in 10 of these, and followup reperfusion data in nine. The relations determined with an average of 10 beats were linear throughout the data range (r=0.97-0.99). The mean slope of the ESPVRs (end-systolic elastance, Ees) was 4.23±3.3 mm Hg/mI at baseline. The extent of the change in end-systolic elastance during coronary occlusion varied but tended toward reduction (2.8±1.4). This change did not depend on the angioplasty site or gross extent of ischemia distribution (i.e., proximal vs. distal occlusion), but it did correlate strongly with the control elastance. Patients with higher baseline end-systolic elastance (Figure 3 , Panels C and D) generally had a larger reduction in elastance during coronary occlusion. The change in elastance (SEes) was related to baseline elastance (EeSbase) by the linear relation: AEes= -0.71 . Eesbase (r=0.92, p<0.001).
The rightward shift of the ischemic end-systolic PV relation compared with the control relation was assessed by comparing end-systolic volumes at the highest end-systolic pressure common to the control and ischemia PV relations. This was preferable to using the volume intercept from the ESPVR equa- tion because the latter was derived by considerable linear extrapolation. The mean pressure-matched end-systolic volume shift was +24.5±+18.4 ml (p<0.001) (Table 3) , which was slightly more than the steady-state end-systolic volume (not pressure matched) change (Table 1) . This included a mean of 43.4 ml for proximal left anterior descending coronary occlusion (n =3), 32 .8 for proximal circumflex coronary occlusion (n=l), 13.8 for proximal right coronary occlusion (n = 3), and 16.3 for distal circumflex coronary (marginal branch) or left anterior descending coronary occlusion (n=4). Thus, the extent of rightward shift grossly correlated with the ischemic zone size. With successful angioplasty and balloon deflation, the end-systolic elastance and volume returned to baseline, demonstrating neither sustained dysfunction nor improved function.
The end-systolic volume shift during coronary occlusion and its subsequent return to baseline after reperfusion was quite reproducible. When the change in end-systolic volume for the first occlusion was used as a reference, the mean difference between this shift and the change in end-systolic volume for two subsequent occlusions was -2.2+ 6.1 and 0.0 +5.8 ml, respectively (p=NS). An exception to having a reproducible shift and return to baseline was patient 1 whose angioplasty resulted in a dissection with total occlusion of the involved vessel. Table 4 gives the preload recruitable stroke work results obtained from the same PV data used for end-systolic PV relation generation. Control preload recruitable stroke work was 97.03+25.3 mm Hg, fell significantly to 78.6±17.5 during coronary occlusion (p<0.002), and returned to the control level (94.6±30.5) after final balloon deflation.
Diastolic Pressure-Volume Relations
End-diastolic pressure rose from 18±+-3.3 to 25.9±4.4 mm Hg (p<0.002) after 60 seconds of coronary occlusion. This occurred without a significant increase in end-diastolic volume in most patients and was representative of an upward shift of the entire steady-state diastolic PV relation (Figure 2 ). Left ventricular pressure relaxation time constant (T) increased from 47.7±+ 7.2 to 58.9±+ 11.3 msec (p<0.005). Although such delayed relaxation may contribute to early diastolic pressure elevation, the pressure relaxation time constant increase was insufficient (being only 1% of the average total cardiac cycle length of 956±126 msec) to explain pressure elevations observed later in diastole.
In addition to myocardial factors, elevated diastolic PV relations could also arise from altered pericardial or right heart chamber interactions. By comparing data obtained before and during IVC occlusion, the potential role of this effect could be examined. Figure 4 displays diastolic PV data from all nine patients in whom IVC occlusion data were obtained during control and ischemic periods. The left-hand panels display steady-state diastolic PV data for control (solid lines) and ischemic (dotted lines) periods, and the corresponding right-hand panels display the respective end-diastolic PV relations for the control (*) and ischemic (K) periods patients. The steady-state ischemic diastolic PV relations were consistently elevated compared with control relations, displaying a response similar to those previously reported5 in many cases. However, when The resting end-systolic pressure during ischemia was used, and control end-systolic volume at this pressure was calculated from the baseline end-systolic pressure-volume relation data. The site of angioplasty is also given. LAD, left anterior descending coronary artery; Cx, circumflex coronary artery; RCA, right coronary artery.
Patient 9 had two 95% stenoses (in the circumflex coronary artery). All other patients had only one stenosis. *p<0.001.
only the end-diastolic data were used from multiple beats during IVC occlusion, ischemic and control data fell along a similar relation.
The fall in ischemic diastolic pressure with IVC occlusion (bringing it within control range) occurred The impact of using either steady-state loops or multibeat IVC occlusion data to derive chamber elastic stiffness and pressure offset is shown in Table  5 . With the use of steady-state beats, calculated elastic stiffness increased nearly twofold (control, 0.044+0.024; ischemia, 0.073±+0.03 ml-1; p<0.01) and so did the pressure offset. Both values returned to control after angioplasty. In contrast, parameters fit to end-diastolic PV relation data during IVC occlusion showed little change in either chamber elastic stiffness or pressure offset, and no parameter demonstrated significant changes by repeated measures analysis of variance.
To determine whether right atrial pressure reflected changes in left ventricular end-diastolic pressure, right atrial pressure was monitored and successfully measured during all but one of the coronary occlusions. The mean data (Table 1 ) displayed a small but consistent (+ 1.6 mm Hg) increase in right atrial pressure from 6.2+3.5 to 7.8+3.2 mm Hg (p<0.027) by 60 seconds of balloon occlusion, which fully recovered with reperfusion. This increase was much smaller than the rise in left ventricular end-diastolic pressure (+8.7 mm Hg) or diastolic baseline pressure offset (+6.4 mm Hg, from the elastic model) determined at the same time.
Discussion
Left ventricular systolic function is reduced within 60 seconds of coronary occlusion in humans and is characterized by a rightward displacement of the end-systolic PV relation often with a slope reduction and by a decrease in preload recruitable stroke work. These measures of systolic function revert to normal shortly after balloon deflation. Acute coronary occlusion also elevates resting diastolic PV relations, such that calculated chamber elastic stiffness and baseline pressure offset are substantially elevated above con- trol levels when derived from these data. However, when the end-diastolic PV relation is calculated from multiple beats at varying preloads during IVC occlusion, then little difference is observed between control and ischemic diastolic PV relations or the elastic model parameters describing them.
Systolic Shift of End-Systolic
Pressure-Volume Relation Previous studies in isolated canine ventricles8 and in closed-chest9 and open-chest dogs12 have reported rightward shifts of the ESPVR with acute regional ischemia. The magnitude of this shift varies directly with the extent (% left ventricular mass) of ischemic myocardium.812 The present data confirm a similar response in human ventricles. The ESPVR shift was sufficiently sensitive to detect ischemia produced by occlusion of a circumflex marginal branch as well as the proximal left anterior descending coronary artery. Although ischemia extent was not quantified in these patients, there was a gross correlation between risk region size and the amount of rightward ESPVR shift. Thus the change in end-systolic volume ranged from large to small as the occlusion site varied from the proximal to the distal left anterior descending, to the circumflex, or to the right coronary artery. The extent of rightward shift of the end-systolic PV point with repeated coronary occlusion was generally very reproducible in each patient, suggesting little change in either the extent or systolic functional impact of ischemia from repeated and brief coronary occlusion.
There were two exceptions to the reproducibility of the end-systolic volume shift during repeated ischemic periods. The first, discussed previously, related to a total coronary occlusion from artery dissection (patient 1), producing a permanent rightward shift of the end-systolic PV point despite balloon removal. The second exception (patient 10) likely reflected a modifying effect of coronary collateralization. In 4.8 Values obtained by fits to steady-state data are contrasted to those derived from end-diastolic pressure-volume relations obtained during inferior vena caval occlusion. Steady-state results showed significant elevations in both variables during ischemia that recovered after successful angioplasty. In contrast, parameters were not significantly altered when end-diastolic pressure-volume relations data were used.
Model used to derive the diastolic pressure volume relation parameters: Ped=Po+a(ePved-1), where Ped is end-diastolic pressure, Po is pressure offset, ,3 is chamber elastic stiffness, and Ved is end-diastolic volume, a is gain. Patient patient, baseline angiography revealed a 90% proximal right coronary artery stenosis with substantial left-to-right collateralization. Initial balloon occlusion of the proximal right coronary artery did not alter the end-systolic PV relation (Figure 6 (Figure 6 , bottom panel). Immediate follow-up angiography showed an excellent angioplasty result and absence of left-to-right collateral flow. This is admittedly a single example; however, the reproducibility of the change in end-systolic volume in all other patients without collateralization at baseline angiography suggests that changes in collateral flow from improved antegrade flow in the stenosed artery was the cause for the disparaties between the initial and the latter change of endsystolic volume. End-Systolic Elastance and Regional Ischemia In addition to a rightward ESPVR shift, coronary occlusion frequently reduced the slope of the ESPVR (end-systolic elastance). This change was mirrored by reductions in the preload recruitable stroke work. We recognize the limitation of analyzing ESPVRs throughout the narrow data ranges obtained in vivo. However, the similarity of end-systolic pressure Figure 3 ) between control and ischemic data, and the use of many loops, render the slope changes interpretable even when considering potential ESPVR nonlinearity."1 Prior studies in isolated and in vivo canine hearts8'9 have shown little change in ESPVR slope. However, in a recent in vivo canine study,12 we found that end-systolic elastance was frequently reduced, with a strong correlation between the amount of reduction and the baseline elastance value. The higher the baseline value, the larger the reduction of elastance during ischemia. This relation could be predicted by a simple twocompartment model (a normal and ischemic region) of ventricular systolic function during ischemia.8"12 It is intriguing that a relation similar to that found in dogs was also present in humans (the slope of the end-systolic elastance change versus baseline endsystolic elastance relation was -0.71 in humans and was -0.78 in dogs12). This dependence may explain apparent variability in systolic functional response among patients even when ischemic bed size seems comparable.
Altered Diastolic Function
The diastolic phase of the PV curve provides multiple points even from a single beat. This makes the diastolic phase more amenable to nonlinear analysis, and perhaps for this reason, much more has been reported on diastolic than on systolic PV relations during ischemia. However, the resting behavior of a given diastolic PV relation has multiple determinants,16 including intrinsic muscle elastic properties,17"8 early relaxation time course,19 pericardial or right heart interactions,21-23 and viscoelastic factors.24 It is very difficult to separate these components by analysis of steady-state beats.
Within 60 seconds of ischemia, we found the time constant of left ventricular pressure decay prolonged (by 23% or 11 msec), -dP/dtm., reduced, and, most strikingly, the diastolic PV relation shifted upward, with higher pressures at any matched volume compared with control pressures. Two recent reports on the ventricular response to coronary occlusion in humans have shown similar changes.2,5 Wijns et a15 used an elastic model analysis similar to that used in the present study and reported marked increases in elastic stiffness (from 0.027 to 0.065). The investigators noted that although the increase was potentially due to alterations in chamber stiffness, the influence of right heart or pericardial interactions could not be ruled out. This was particularly relevant because an earlier animal study had found that analogous upward shifts in diastolic PV relations during coronary occlusion could be eliminated by simultaneous IVC occlusion. 25 In the present study, IVC occlusion also minimized differences between control and ischemic enddiastolic PV relations. Lowering of left ventricular diastolic pressures during ischemia occurred rapidly after IVC occlusion, preceding by several beats significant alterations in left ventricular filling volume or systolic pressure ( Figure 5 ). This has the hallmark of a pericardial or right heart interaction affecting primarily diastole rather than systole and occurring without substantial change in left ventricular volume loading. The resulting control and ischemic enddiastolic PV relations overlapped not only at zero filling pressure but throughout a wide range ( Figure  4 , right-hand panels). Estimated chamber elastic stiffness from the steady-state data showed changes very similar to those reported by Wijns et a15; however, fits to the end-diastolic PV relations revealed no significant changes. These differences in stiffness estimates highlight a limitation of nonlinear model fits to diastolic data. Because of parameter crossinteractions, upward pressure shifts can influence gain and stiffness estimates.
The apparent loss of meaningful differences between control and ischemic diastolic PV relations during IVC occlusion could not be explained by reductions in right ventricular parallel conductance. First, any such effect applied equally to control and coronary occlusion data. Second, the magnitude of this effect was small because both the end-diastolic PV relation and steady-state (pre-IVC occlusion) data displayed similar volume axis values (Figure 4 , left-hand vs. right-hand panels). A reduction in parallel conductance due to IVC occlusion would have shifted the apparent end-diastolic PV relation to lower volumes. The minimal parallel conductance change could also be seen in Figure 5 , where only slight changes in left ventricular volume signal occurred with the onset of IVC occlusion (point A) and contrasted to much larger changes in volume when left ventricular systolic pressure fell several beats later (point B).
A variety of etiologies for ischemic diastolic PV relation shifts have been proposed. From the present data, it would appear that factors relating to myocardial properties, such as stiffness changes or discoordinate motion, either are rapidly reversed by right heart unloading by IVC occlusion or are less critical in determining chamber diastolic PV behavior than pericardial or right and left heart interactions. Our data do not necessarily refute findings from other investigations regarding increases in regional stiffness estimates during coronary occlusion.5,25 However, with respect to chamber diastolic PV shifts observed after 60-90 seconds of ischemia in humans, such myocardial property alterations would not seem to play a major role.
Several studies have suggested that pericardial pressure may be approximated by mean right atrial pressure,2627 and thus, by subtraction of right atrial pressure, shifts in diastolic PV relations could be eliminated. However, we found that right atrial pressure only rose by a small amount, well below the changes in left ventricular end-diastolic pressure. If right atrial pressure reflected pericardial pressure change, then pericardial constraint would not seem an important factor. If, on the other hand, ischemia enhanced regional inhomogeneity of pericardial constraints2829 rendering right atrial pressure a poor measure of pericardial pressure particularly at the ischemic site, such a constraint could still be important. A role of pericardial constraint is suggested by the finding in the present and prior angioplasty studies in humans125 that end-diastolic volume is often little increased during coronary occlusion. This contrasts to a large body of animal data in which the pericardium is generally removed and end-diastolic dimensions (or volumes) increase during ischemia.901230,31 Although occlusion is frequently held longer than 90 seconds in these animal studies, substantial changes are often observed within 1 minute. Right heart volume loading alone would seem unlikely to play a major role considering the small changes observed in right atrial pressure.
Sustained Effects
Similar to the present study, most prior investigations of global and regional ventricular function during angioplasty have not reported significant and sustained abnormalities after successful angioplasty. 12, 32 In one study,5 persistent increases of regional and, to some extent, global chamber diastolic stiffness were found. Differences in occlusion site or ischemia extent could explain the disparity between these results and those of our study; however, the average occlusion time was longer in our patients, and the extent of systolic and diastolic change during ischemia was comparable between the two studies. Although we cannot rule out persistent regional changes not reflected in global function, our data on chamber function are more compelling because we did not use multiple contrast injections and did use several loadinsensitive indexes for chamber systolic and diastolic function.
In addition to the lack of significant residual dysfunction from repeated coronary occlusion, there was no evidence for chamber functional improvement after successful angioplasty. Several studies in patients with unstable angina33,34 have suggested that regional function improves in such patients after successful balloon dilatation. It remains to be determined whether similar patients also show global chamber functional improvement using the current approach.
Supply Compared With Demand Ischemia
Before the advent of percutaneous transluminal coronary angioplasty, ischemic studies in humans could only be performed by pacing or by exercising patients with fixed coronary stenoses.19,3536 Because diastolic PV relations (again from single-beat analyses) were elevated compared with control whereas animal data during coronary occlusion did not demonstrate such changes it was hypothesized that pacing-demand ischemia and coronary occlusionsupply ischemia had very different effects on diastolic properties. This was further shown by animal experiments in which the two techniques were directly compared in the same animal.37 Still, most of the analysis was performed using single beats, and diastolic PV stiffness parameters were derived using early and late diastolic PV data from such beats. In the present study, we found parallel upward shifts of diastolic PV data analogous to those shifts observed during pacing ischemia. Yet, by occluding the IVC, we were able to eliminate these shifts, rendering diastolic ischemia data similar to control data. Perhaps some of the apparent difference between supply and demand ischemia also possibly relate to the intactness of the pericardium. Few, if any, ischemic studies have obtained sequential multiple beats under different volume loads with an entirely intact pericardium. Even studies using sonomicrometer crystals have to invade the pericardium to implant the sensors, and postoperative scarring likely alters the normal pericardial physiology. This points out a unique feature of the conductance catheter technology, in that on-line PV relations can be obtained in an intact chest that has never been invaded.
Conclusion
Coronary occlusion in humans alters systolic and diastolic chamber functions. Systolic changes are represented by a rightward shift of the end-systolic PV relation and by decrements of indexes of systolic function, such as end-systolic elastance and preload recruitable stroke work. The rightward shift of the end-systolic PV relation is very reproducible with repeated occlusions such that deviations from a given response are likely to represent a change in effective ischemic zone (opening or closing of collateral circulation) or a total occlusion due to dissection. Diastolic abnormalities during angioplasty include prolongation of relaxation and elevations of diastolic PV relations. However, simple unloading of the right heart renders ischemic end-diastolic data similar to control data. This suggests a prominent role of pericardial or right ventricular loading constraints as opposed to primary myocardial property changes in explaining the steady-state PV shifts.
